Historical changes in bioavailable Zn concentrations of the surface waters of Lake Geneva were assessed by analyzing the zinc content of fossil diatoms. The measured ratios of Zn to Si in the opal ((Zn/Si) opal ) were consistent with both data obtained for cultured freshwater diatoms that were representative of lake Geneva and with field data. Reconstructed variations suggested that increased Zn uptake by phytoplankton occurred in the period from 1960-1980 resulting from an increased loading of Zn to the lake. Nonetheless, observed concentrations were sufficiently low that no adverse effects were expected on the pelagic community. The data presented here suggest that (Zn/Si) opal records may become a valuable tool to assess past changes in bioavailable Zn concentrations in freshwater systems.
Introduction
Zn is an essential metal for phytoplankton that becomes toxic at elevated concentrations (Anderson et al., 1978; Sunda and Huntsman, 1992) . Due to its widespread use in industry, anthropogenic Zn loading to freshwaters (via wastewaters or atmospheric deposition) generally dominates over natural inputs. In phytoplankton, high Zn concentrations have been shown to decrease cell division rates (Tadros et al., 1990) and decouple cell division and photosynthesis (Fisher et al., 1981; Stauber and Florence, 1990) . Nonetheless, Zn toxicity is very much dependent upon the physicochemistry of the freshwater, including chemical speciation. For example, low levels of phosphorus generally increase Zn toxicity to algae, while high phosphorus concentrations are able to decrease the adverse effects (Bates et al., 1985; Kuwabara, 1985; Paulsson et al., 2002) . Consequently, waters in which phytoplankton growth is P-limited (most freshwaters) are likely to be more susceptible to Zn toxicity. The fate, bioaccumulation and biological effects of Zn in natural waters is generally more closely related to concentrations of the free ion rather than total metal (Anderson et al., 1978) . Zn 2+ concentrations are regulated by a number of complex interactions between trace metal ions, major ions and ligands, including particles. In the context of paleolimnological studies, these complex processes controlling Zn bioavailability may prevent the use of bulk Zn sedimentary concentrations to study past Zn-phytoplankton interactions. Nonetheless, studies have suggested that the Zn content of fossil diatom siliceous cell-walls (frustules) could provide a valuable proxy for past bioavailable Zn surface water conditions (Ellwood and Hunter, 2000a; in review a). Diatoms are unicellular algae that are among the main contributors to phytoplankton blooms in both lakes and oceans. They feature a characteristic ability to generate a highly patterned external wall composed of amorphous silica (SiO 2 ×nH 2 O): the frustule. The good preservation of the frustules in sediments, the ubiquity of diatoms (they are able to colonize almost all aquatic microhabitat) and the high sensitivity of the diatoms with respect to external environmental parameters have made these algae extremely attractive for both terrestrial and marine paleoenvironmental reconstructions. Recent laboratory studies have investigated the incorporation of Zn into the frustule of freshwater diatom Stephanodiscus hantzschii. The Zn content of the frustules were related to the free Zn 2+ concentrations in culture media and positively correlated to Zn intracellular concentrations. Indeed, these results suggest that analyses of the Zn contents of fossil frustules may allow reconstruction of past changes in bioavailable Zn surface water concentrations.
Here, we applied this novel freshwater proxy to Lake Geneva sediments. Results were discussed in light of instrumental data and field observations available for the recent past.
Geographical and ecological settings
Lake Geneva is the largest freshwater basin in Western Europe (surface area 580 km 2 , volume 89 km 3 ) and is located in the Alps between France and Switzerland (Fig. 1) . The lake is subdivided into Contents lists available at ScienceDirect Chemical Geology j o u r n a l h o m e p a g e : w w w. e l s ev i e r. c o m / l o c a t e / c h e m g e o two sub-basins: the Grand Lac and the Petit Lac. The Petit Lac is a medium-sized basin (volume 3 km 3 ) with an average depth of 41 m. Starting in the 1960s, heavy phosphorus inputs to the lake led to its eutrophication with a maximum of 90 µg P L − 1 attained in the late seventies. A subsequent decrease to the current concentration of ca. 30 µg P L − 1 is the result of a lake restoration program initiated in the early seventies. A long-term study of the seasonal changes in the phytoplankton communities revealed that the Plankton Ecology Group (PEG) model (Sommer et al., 1986) was successful for predicting the dynamics of the first half of the year (Anneville et al., 2002a,b) . Summer communities differed from those predicted by the PEG model and were subject to significant changes over the 24 year period. These shifts were interpreted as having resulted from gradual changes to parameters such as the deepening of the phosphorus-depleted layer and the timing of the depletion). According to these data, diatoms, which represented ca. 25% of the annual biomass, were mainly present in the autumn to the spring with about half of the total diatom biomass produced in springtime. Spring diatom assemblages were dominated by Fragilaria crotonensis, Asterionella formosa, Stephanodiscus minutulus, Aulacoseira islandica su helvetica, Fragiliaria ulna v. angustissima and Stephanodiscus alpinus, summer assemblages by F. crotonensis, autumn assemblages by Diatoma tenius, Stephanodiscus binderianus and Aulacoseira granulata v.
angustissima, and winter assemblages included Stephanodiscus neoastraea and Cymatopleura solea (Anneville et al., 2002a) . These seasonal changes, while observed in the Grand-Lac basin, are not thought to differ greatly from the Petit-Lac basin (S. Lavigne, pers. comm.).
Materials and methods
The gravity core LeBC-3-06 was retrieved from the Petit Lac (6.21°E/ 46.28°N; depth 57 m; Fig. 1 ) in February 2006. The core was split into two halves and magnetic susceptibility (Bartington MS2E sensor for high resolution surface measurements) was measured on the split core. One core-half was sampled with a centimeter resolution. These samples were dried (water content was measured), crushed and dated using Be analyses were performed by gamma spectroscopy using a high purity germanium well detector (Ortec). The variation in biogenic opal content of these samples was determined by alkaline leaching (method adapted from Ohlendorf and Sturm, 2007) . Briefly, 10 mL of 1 M NaOH were added to ca. 50 mg of dried, homogenized sediment. Samples were sonicated and then heated at 100°C for 3 h. A 5 mL subsample was collected from the hot solution, diluted, neutralized with HNO 3 and analyzed for Si and Al contents. Si was determined from spectrophotometry (Spectronic 1201 spectrophotometer) at 820 nm using a molybdate-blue method (Merck, Spectroquant 14794). Al was quantified by inductively coupled plasma mass spectrometry (ICP-MS, Agilent, HP 4500) in the F.-A. Forel Institute of the University of Geneva using external calibration and internal standard (Canadian Certified Reference Materials Project, Ottawa, Ont., Canada). In order to correct for possible losses due to evaporation, samples were precisely weighted before and after digestion. Total organic carbon (TOC), the Hydrogen index (HI, mass ratio of hydrocarbons to organic carbon) and the mineral carbon content (MinC) were measured with a Rock-Eval (Re6) analyzer at the Geological Institute of the University of Neuchatel, Switzerland (for more details, see Steinmann et al., 2003) . The second half of the core was sampled at half-centimeter intervals from the top of the core to 15 cm and then at each centimeter for the rest of the core. These samples were homogenized and an aliquot was collected for metal analyses. In this case, aliquots were dried and metals extracted overnight with 2 M HNO 3 (5 mL for 100 mg of dried sediment) at 100°C (Osol, 1998) . Metal concentrations were measured by ICP-MS. To ensure the reliability of the procedure, certified sediment material (STSD-1 and LKSD-1, Lynch, 1990 ) was extracted and measured simultaneously. The precision (standard deviation) and the accuracy were better than 8% (n = 10). In the remaining wet samples, carbonate and organic matter were removed by addition of HCl (37%) and H 2 O 2 (30%). Following a 63 μm filtering step, diatoms were separated from the b63 μm fraction using a heavy liquid separation (methodology adapted from Morley et al., 2004) . Briefly, sodium polytungstate (SPT), at a density of 2.2 g mL , was added to the wet sediment prior to homogenization and sonication of the samples for 20 min. The supernatant was collected following a 20 minute centrifugation at 1500 ×g. The entire procedure (i.e. sonication, centrifugation and collection of the supernatant) was repeated (3×) using successive supernatants in order to improve the separation. By the end of the extraction procedure, the samples contained only diatoms and phytoclasts (revealed by microscopic inspection). Samples were collected on a 3 µm nitrocellulose filter. A concentrated HNO 3 /KClO 3 (8:1) solution (slightly heated if needed) was used to dissolve the filter and remove the phytoclasts (G. E. Gorin, pers. comm.).
Some samples, containing low quantities of opal were merged with their adjacent sample in order to have sufficient opal for Zn determinations. Diatom separations were performed in samples from the top of the sediment core to a depth of 17 cm. The opal fraction was then chemically cleaned using a methodology developed by Shemesh et al. (1988) and subsequently modified by Ellwood and Hunter (1999) . This involved a Fig. 1 . Location of Lake Geneva LeBC-3-06, Ge3 and Versoix coring and sampling sites. reductive cleaning step, followed by etching of the frustules with NaF and a final oxidative cleaning with an HNO 3 /HCl mixture. The residual cleaned silica was then washed 4 times with MilliQ water and dissolved in a 0.1 M/0.1 M HCl/HF solution for 4 h at 80°C. We preferred a digestion with hot HCl/HF rather than NaOH (Paasche, 1973) since with the latter, silica polymerization was occasionally observed when samples were cooled down to room temperature. On the other hand, the possible loss of Si from solution due to the formation of volatile SiF 4 was investigated for the conditions used here. Within experimental error, Si recovery was 100%, attesting to the reliability of the dissolution process. Following dissolution, samples were centrifuged and visually inspected to ensure their complete dissolution. Zn concentrations were measured by ICP-MS (detection limits for Zn of 0.1 μg L − 1 ) while Si was determined in (100×) diluted samples using spectrophotometry (see above).
In order to assess the reliability of the overall procedure, two sediment samples (34 and 40 cm) were merged, homogenized, separated into four sub-samples and subject to full procedural replication beginning with the sediment separation. Additionally, optical and electronic microscopic investigations were abundantly applied throughout the procedure. Some metals like Al, Ti or Mn, which are indicative of clay or oxide contamination, were measured in parallel with the Zn in the dissolved opal solution. For all digestion procedures, blank digests were systematically verified for metal contamination.
Results and discussion

Dating and bulk sediment analyses
Two distinct 137
Cs peaks were observed at 5.5 and 11.5 cm (Fig. 2) and were attributed to the 1986 Chernobyl explosion and to the 1963 nuclear bomb tests respectively. Ages and sediment accumulation rates were interpolated between these peaks and the core-top. Detection of 7 Be in the top of the core suggested that the most recent sediments were being recovered. TOC showed a constant increase from ca. 20 cm to the top of the core, with exception of the two uppermost samples, which had low organic carbon contents. A drop in mineral carbon content and an increase in magnetic susceptibility accompanied these low TOC values. These results strongly suggested a re-working of surface sediments. The observed decrease in TOC with depth is likely to reflect an increasing productivity with time resulting from the increasing phosphorus inputs to the lake. This result is consistent with both the observation of a decreasing HI with depth (indicative of a higher content of authigenic (algal) organic matter in the recent sediments) and with documented phosphorous concentrations in the lake (CIPEL, 1957 (CIPEL, -2007 . Consistent with field observations (CIPEL, 1957 (CIPEL, -2007 , our data suggest that algal productivity did not decrease in spite of a significant reduction in P. This observation is attributed to changes in the phytoplankton community composition with the appearance of species with different mixotrophy and different growth and loss rates (Anneville and Pelletier, 2000) . The variations in biogenic opal content of the sediment, presented as Si/Al molar ratios, could not be explained solely by the productivity trend or the annual variations in the trophic status of the lake. Since diatoms were mainly present in the period from autumn to spring (Anneville et al., 2002a) , it is likely that they rarely experienced P-limiting conditions, which occurred mainly in the summer. Indeed, diatom growth would have been more affected by external factors, such as temperature and lighting than by nutrient status.
Reliability of the (Zn/Si) opal analyses
Al, Ti and Mn were detected in the dissolved opal samples, potentially indicating contamination by a mineral phase such as aluminosilicates. Nonetheless, several lines of evidence suggest that Zn concentrations were due to biogenic contributions rather than contamination by the mineral phase. First, in culture experiments, Al and Mn have been shown to be incorporated into the frustules (Gehlen et al., 2002; Jaccard et al., in review a) , suggesting that at least a fraction of these metals resulted from biological uptake. Secondly, if the measured Zn originated from mineral contamination rather than direct uptake from the water column, correlations between Zn and Al, Ti or Mn would be expected in the dissolved opal. In fact, only weak correlations were obtained among these metals (R 2 = 0.15 for Zn vs. Al; R 2 = 0.03 for Zn vs. Ti and R 2 b 0.01 for Zn vs. Mn; data not shown)
suggesting different sources for Zn and the other metals. Finally, microscopic investigations (Fig. 3) did not reveal the presence of any contamination phase in the cleaned opal samples. Evaluations of the method precision (n = 4) on full procedural replicates gave values that were within 15% of the expected mean.
(Zn/Si) opal downcore variations
Values of (Zn/Si) opal ranged from 0.6 to 9.8 µmol mol − 1 and were in fair agreement with data from marine cores, which vary between 1.2 and 34 µmol/mol (Ellwood and Hunter, 2000b; Hendry and Rickaby, 2008; Jaccard et al., in review b) . These data were also consistent with Zn/Si ratios found in the cultured freshwater diatom S. hantzschii (Fig.  4 , Jaccard et al., in review a), which is a diatom that was abundantly found in Lake Geneva in the seventies and the eighties (CIPEL, 1957 (CIPEL, -2007 . According to this dataset, maximum Zn 2+ concentrations were in the neighborhood of 5 × 10 − 10 M with the lowest values, below or near ca. 2 × 10 − 10 M (see Fig. 4 ). Furthermore, a monthly survey of dissolved Zn concentrations in surface waters (collected at 3 and 5 m) of the Ge3 sampling site (Fig. 1 ) between 2000 and 2007 revealed no clear seasonal pattern with average concentrations of ca. 5 nM (data from P. Nirel, pers. comm.). Based upon the assumption that only a small fraction of dissolved Zn is in its free ionic form, the value is in the range of those estimated from the (Zn/Si) opal data and agrees well with Zn 2+ concentrations reported for other Swiss lakes, ranging from 0.3 to 15 × 10 − 10 M (Knauer et al., 1998) . In addition, in situ voltametric data collected in the Petit Lac near Versoix (Fig. 1) showed that dynamic Zn concentrations ranged from 2 nM for nearshore values (harbor) to 0.1 nM for offshore (2 km) values (Tercier-Waeber and Buffle, 2000) . These concentrations are slightly higher than those reconstructed from the (Zn/Si) opal ratios. Since the mobile Zn fraction accounts for the free ion and small labile complexes (Tercier-Waeber et al., 1998) , the latter, if not bioavailable, could explain the observed differences. We observed a strong positive correlation (Spearman correlation coefficient, r s = 0.76; df = 16, p b 0.01) between the Zn content of the sediment, Zn sed , and the (Zn/Si) opal ratio between 2 and 14 cm. On the other hand, in surface sediments, the signals were decoupled: Zn concentrations in sediments decreased while (Zn/Si) opal increased. This result might be due to the sediment re-working of the recent core depths (see above).
In the older parts of the sediment core (below 15 cm), increases in (Zn/ Si) opal lagged behind increases in the Zn content of the sediment, Zn sed . For example, Zn sed increased below depths of 19 cm while (Zn/Si) opal increased from 16 cm. A threshold effect observed in laboratory culture experiments at low Zn 2+ concentrations (Fig. 4 ) might explain these differences: variations in Zn 2+ water concentrations in the 10 − 10 -10 − 11 M range are not expected to influence the (Zn/Si) opal ratio whereas they might lead to changes in Zn deposition to the sediments. Al has been shown to become incorporated into fossil frustules through a diagenetic process where an aluminosilicate layer is formed on the surface of the opal (Koning et al., 2007) . This process, if also active for Zn, might explain the strong relationship obtained between Zn sed and (Zn/Si) opal . The good agreement between the field and laboratory data and the lack of coupling between Zn and Al (and other metals) in the frustules suggests, however, that the (Zn/Si) opal signal recorded primarily surface water conditions and was little affected by post-depositional processes. If we assume that Zn sed reflects the total Zn loaded to surface waters (i.e., most of the Zn input is incorporated in the sediments, Sigg et al., 1996) , the downcore variations in Zn sed and (Zn/Si) opal suggest that the anthropogenic loading of Zn -with a maximum during the sixties and the seventies -was accompanied by higher Zn uptake by phytoplankton. In freshwaters, most of the dissolved Zn is present as organic complexes (Xue and Sigg, 1994) . The organic ligands likely result from the exudation of microorganisms or from the degradation of the organisms themselves. If we assume thermodynamic control of Zn uptake, the bioavailability of Zn will be mainly controlled by the quantity of dissolved Zn and the amount of metal-binding ligands (Campbell, 1995; Morel and Hering, 1993) . The observed positive correlation between Zn sed and (Zn/Si) opal suggests that, here, changes in Zn uptake to diatom were likely mainly controlled by variations of dissolved Zn concentration. Comparison of these data with laboratory data and known field Zn 2+ concentrations suggests that maximum Zn 2+ concentrations of surface waters were in the sub-nanomolar range. These values of Zn 2+ , which are in the range of optimal growth conditions for freshwater phytoplankton (Knauer et al., 1997; Hassler et al., 2005; in review a), are not expected to have any negative influence on phytoplankton development. In addition, these high concentrations are associated with the highest P concentrations in the lake, which could contribute to decrease the Zn toxicity.
Conclusion
A (Zn/Si) opal record has been produced for recent lake Geneva sediments and is, to our knowledge, the first freshwater (Zn/Si) opal record. It was consistent with data obtained from culture studies and with data collected from the surface waters. The downcore results indicated that the heavy anthropogenic input of Zn during the sixties and the seventies led to an increase in Zn uptake by phytoplankton. The extrapolated concentrations were nonetheless likely not high enough to have induced adverse effects on the pelagic community. According to this study, the zinc content of the frustules of fossil diatoms is likely to be a valuable tool to reconstruct past concentrations of bioavailable Zn in freshwater systems. Such a tool would be particularly relevant for assessing the impact of past events of anthropogenic loading of Zn to the biological communities.
